Campylobacters are playing an increasingly important role in gastrointestinal disease all over the world, and in some countries they are even more frequent than salmonellae. In industrialized countries, the annual incidence of enteritis caused by campylobacters is estimated to be 1%. In underdeveloped countries it is much higher, affects mainly small children and, in contrast to the situation in developed countries, is caused more often by Campylobacter coli than by C. jejuni (12, 43, 44) . The natural reservoir of campylobacters is the intestine of warm-blooded animals; 24 to 82% of examined chicken populations, 58 to 95% of Scandinavian pigs, and 23% of slaughter cattle were campylobacter positive, to name only a few animal species (1, 9, 19, 41) . Campylobacters, like other intestinal pathogens, are released into the environment via the feces of infected animals or humans. On average, raw sewage contains log 2 to 4 CFU of campylobacters per 100 ml, but concentrations can rise significantly if abattoirs or chicken farms are connected to the sewer system (18) . Treated sewage may contain campylobacters at log 1 to 2 CFU/100 ml, and fresh, undisinfected sewage sludge, which is used as a fertilizer in some countries, may contain campylobacters at up to log 6 CFU/100 ml (2, 17) . Sewage discharge into surface water and agricultural runoff can thus lead to the contamination of bathing water areas and drinking water reservoirs and can pose a significant health risk for the population. Not surprisingly, large waterborne outbreaks of campylobacter-induced enteritis have been reported (31, 45, 48) .
Various surface waters have been examined in the past, and 25 to 95% were shown to be campylobacter positive, with campylobacter concentrations ranging from log 0.04 to log 2 CFU/100 ml. Detection rates were higher during the winter months, suggesting enhanced survival at low temperatures, although, apart from starvation, temperature downshift is one of the greatest stress factors that bacteria experience when they are released into the environment. While psychrophilic and psychrotrophic bacteria have adapted evolutionarily to life at low temperatures, human pathogens, being mesophilic bacteria, can be severely inhibited. In nutrient-rich media, reactions such as intracellular (p)ppGpp (guanosine 5Ј-triphosphate-3Ј-diphosphate and guanosine 5Ј-diphosphate-3Ј-diphosphate) synthesis or production of cold shock proteins have been shown to be dependent on the temperature shift (22) . Changes in the composition of the cell membrane and inhibition of enzyme activities and membrane transport systems are further conceivable reactions of mesophilic bacteria to temperature downshift (29) . To study the effect of low temperatures on campylobacters, a virulent C. coli strain was subjected to temperatures normally encountered in Central European aquatic systems. The influence on growth, morphology, membrane fluidity, proteins, and metabolism was examined.
MATERIALS AND METHODS
Test strain and culture conditions. The test strain, C. coli SP10, originated from the feces of a diarrheic pig and was kindly provided by W. Bär, Medical University of Hannover, Hannover, Germany. With as few passages as possible, a stock culture was prepared, divided into aliquots, and maintained at Ϫ70°C was inoculated and incubation was continued for another 16 h. For the experiments, 0.1 ml was transferred to tubes containing 10 ml of Schaedler broth, and the tubes were incubated in the dark at 4, 10, 20, and 37°C. At regular intervals, colony counts were determined by plating decimal dilutions onto Schaedler agar. For each temperature and each incubation period, test tubes were inoculated in duplicate. In addition, according to the expected cell density, 1, 0.1, 0.01, or 0.001 ml was filtered through black polycarbonate filters (pore size, 0.2 m; Millipore). Small volumes were diluted with 10 ml of 0.9% NaCl, and the total volume was filtered to ensure a homogeneous distribution of bacteria on the filters. The filters were stained with 0.01% acridine orange solution (Sigma) for 5 min and immediately analyzed, and the cell counts were recorded. The experiment was repeated with minor variations, i.e., 1 ml of preculture samples in bottles with tightly closing caps containing 200 ml of broth. The rest of the broth culture was used for electron microscopy.
Electron microscopy. Broth cultures were centrifuged (20 min; 3,700 ϫ g), and the supernatants were discarded. The pellets were negatively stained with 1% ammonium molybdate (pH 5.0) according to the method of Doane and Anderson (8) and examined with an Elmiskop I microscope (Siemens).
Fatty acid analysis. To determine the fatty acid composition, C. coli was passaged twice in Schaedler broth and then incubated microaerobically at 4, 10, 20, and 37°C. Samples were analyzed after 0, 24, 48, and 72 h. For each temperature and each incubation period, five samples were examined in parallel and the experiment was repeated. To obtain data for shorter incubation times, the experiment was rerun and samples were analyzed in duplicate at hourly intervals during the first 8 h and then after 24, 48, and 72 h. Cells were harvested by centrifugation, and supernatants were discarded. Fatty acids from the cells were methylated and extracted as described by Miller and Berger (32) . The system consists of a Hewlett-Packard HP 5890 II gas chromatograph with an Ultra 2 HP fused-silica capillary column, helium as a carrier gas, a flame ionization detector, and an automatic sampler. Integration of data was performed with the software package Maxima 3.2 (Waters), and fatty acids were identified by comparing their retention times with those of a known standard mixture (bacterial acid methylester CP mix; Matreya). Schaedler broth is a complex medium that contains small amounts of fatty acids. Blanks were examined in parallel, and corrections were made accordingly.
Analysis of OMPs. Preculturing and subsequent passages were performed as described above (see fatty acid analysis). Cells were harvested by centrifugation, and the pellet was washed three times in 0.01 M Tris buffer. Due to experience gained in preliminary experiments, this suspension was passed three times through a French press (14,000 lb/in 2 ; American Instruments Co., Inc.) and treated further according to the method of Blaser et al. (6) . Separation of membranes was checked by analyzing the samples for the concentration of 2-keto-3-deoxyoctonate. The method of Osborn (38) was applied. The concentration of proteins was determined by the bicinchoninic acid test (Pierce), and the samples were adjusted to a protein concentration of 5 to 7 g/ml. The outer membrane proteins (OMPs) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis according to the Laemmli method as modified by Jany (20) . A two-step procedure was used for staining. Gels were immersed first in Serva-Blue G solution and then in Serva Brilliant Blue R 250 solution on a rotating platform.
Analysis of organic acids. Metabolically active bacterial cells produce organic acids and subsequently excrete them into broth cultures. The organic acids can be analyzed by high-pressure liquid chromatography (HPLC). Preculturing, passages, and experimental setup were performed as described above (see fatty acid analysis). For each temperature and each incubation period, six samples were examined in parallel. In addition, colony counts were recorded. The HPLC method of Guerrant et al. (13) , simplified by Krausse and Ullmann (25) , was further modified. Briefly, broth cultures were acidified with 0.125 ml of 50% sulfuric acid, and organic acids were extracted twice with 1 ml of ether. The ether was evaporated in a vacuum centrifuge, and the organic acids were redissolved in 1.5 ml of water of analytical grade. These samples (0.25 ml) were injected by an automatic sampler (WISP 712; Waters), and 0.2% phosphoric acid was used as an eluent (flow rate, 1 ml/min). After passage through a guard column (Ionpak KC-810P; Shodex), the organic acids were separated on a cationic exchange column (Ionpak KC-811; Shodex) heated to 30°C. UV detection (210 nm) of acids followed; they were identified by comparison of their retention times with those of a known standard mixture prepared in-house. Blanks were examined in parallel, and corrections were made for the organic acid content of Schaedler broth.
Statistical analysis. The gas chromatography and HPLC data were analyzed by a multivariate analysis of variance. The influence of temperature on each fatty acid and organic acid was determined with a multiple comparison and a Bonferroni adjustment (␣ ϭ 0.05). Some data were additionally analyzed with the U test. The statistical calculations were performed with the software package Systat 5.2 (Systat, Inc.).
RESULTS
Effect of low temperatures on the survival of C. coli SP10. In microaerobically incubated batch cultures, a rapid decrease in colony counts was observed at all temperatures below 37°C. The effect was most pronounced at 20 and 10°C, where the colony counts were below the detection limit after incubation for 4 days. At 4°C, the decrease was slightly slower, and inability to be cultured was observed after 8 days. Similar data were obtained with other C. coli strains (data not shown). In batch cultures without gaseous interchange, the transition to the nonculturable state was even faster, but it was again more retarded at 4°C (Fig. 1) . Cultures incubated at 37°C showed a slow decrease in colony counts to log 1.60 CFU/ml on day 22 but a slight increase later on to log 4.99 and log 4.71 CFU/ml on days 51 and 148, respectively. Direct cell counts corresponded fairly well to CFU at 37°C. They were significantly higher, however, than colony counts at low incubation temperatures. At the end of the experiment, the cell counts ranged between log 5.13 and log 5.93 CFU/ml, regardless of the incubation atmosphere.
Electron microscopy. At the beginning of the experiments, nearly all campylobacters had their normal straight or spiral rod structure. During incubation, transition to the coccoid form occurred most rapidly in cultures incubated at 37°C. Depending on the magnitude of the temperature downshift, this transition was less pronounced at lower temperatures. At day 51, 200 bacterial cells were counted by shape with a light microscope, and the percentages of coccoid cells were 98% (37°C), 94% (20°C), 71% (10°C) and 4% (4°C). Electron microscopy revealed two kinds of coccoid cells. Large cells that were not easily stained were predominant at 10 and 20°C, whereas small, dense coccoid cells were typical for incubation at 4°C (Fig. 2 and 3 ). In addition to the different coccoid forms, assay mixtures that were incubated at 10 and 20°C contained many cells with shortened flagella (Fig. 4) .
Fatty acid analysis. The normal fatty acid composition of C. coli SP10 is as follows: C 18:1 trans9,cis11, 39 to 48%; C 16:0 , 35 to 45%; C 19:0 cyc, 3 to 7%; C 14:0 , 2 to 5%; C 18:0 , 2 to 3%; and C 16:1 cis9, 1 to 2%. The amounts of the other saturated, unsaturated, or branched fatty acids were below 1% and thus negligible. Stress due to low temperatures, i.e., 20°C, altered this pattern dramatically. The level of C 19:0 cyc, normally one of the less important acids, increased significantly during incubation (Fig. 5) . At just 1 h of incubation, the percentage had risen from 3.81 to 4.19%, and it reached 20.59% after 72 h. At 10°C, a doubling of the C 19:0 cyc amount was observed during the first 24 h, but after that, as in all assay mixtures incubated at 4°C, only a few changes were seen. Similarly, incubation at 37°C had no effect on the C 19:0 cyc concentration. In the other experimental setup, the observed increase at 20°C was from 1.14% (1 h) to 12.77% (72 h) and consequently was also highly (Fig. 6 ). These findings were confirmed in other experiments.
Analysis of membrane proteins. The total protein concentration was reduced in cultures incubated at low temperatures. The number of bands increased over time at 37°C, but decreased at low temperatures. The main OMP with a molecular mass of 40 to 42 kDa and the 62-kDa protein were present in all samples, although the typically diffuse 62-kDa band was less pronounced and narrower at low temperatures. At 37°C, proteins with molecular masses of 20, 23, 30, 54, and 70 kDa were always observable; at lower temperatures, their appearance was irregular. A clear temperature-dependent pattern could not be detected. There was, however, a tendency for highmolecular-mass proteins (Ͼ70 kDa) to appear predominantly after incubation at 10 and 4°C.
Production of organic acids. At 37°C, i.e., under optimum growth conditions, C. coli produces a characteristic pattern of organic acids. The main acids are succinate, lactate, and acetate. Depending on the duration of incubation, their concentrations range from 2 to 7 mol/ml. 2-Oxoglutarate, malonate, methylmalonate, pyruvate, propionate, butyrate, isobutyrate, and 2-and 4-methylvalerate appear at concentrations of less than 1 mol/ml. If fumarate and formate are detected at all, which is extremely seldom, they are detected only at the beginning of incubation.
As was seen previously with long-chain fatty acids, the temperature downshift altered this pattern significantly. In comparison with the samples incubated at 37°C, the low-temperature cultures always contained higher 2-oxoglutarate concentrations and lower amounts of succinate, lactate, and acetate. The differences were almost all significant. Some organic acids were not detected at all temperatures. Fumarate and formate were not produced at 37°C after only a short incubation period, and succinate was never produced at 20°C. The mean concentrations of some organic acids (incubation period, 48 h) are listed in Table 1 . These results were confirmed when the experiment was repeated, with the exception that trace amounts of succinate were detected after an incubation period of 48 h at 10 and 4°C, but again never at 20°C. While the concentrations of some acids (propionate, butyrate, and isobutyrate) varied in relation to each other, the relationships of the main acids as well as fumarate remained constant. The results for fumarate are shown in Fig. 7 . The influence of temperature can be clearly seen. The differences between 20 and 10°C and between 20 and 4°C were significant. The overall production of organic acids was highest in cultures incubated at 37°C but still ranged from 1 to 7% at low temperatures.
DISCUSSION
Although C. jejuni is more widespread in human intestinal disease in Europe, C. coli was chosen as the test organism. Apart from its epidemiological importance in developing countries, C. coli seems to be more sensitive to adverse environmental effects (10), as was confirmed in our survival experiments. C. coli SP10 was rapidly transformed into the nonculturable state; in other studies, it had been possible to maintain the culturability of C. jejuni for up to 4 weeks (5, 15, 46) . Korhonen and Martikainen (24) , who compared the lengths of survival of both species, obtained similar results, but 
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EFFECT OF LOW TEMPERATURES ON CAMPYLOBACTER COLI 583 their C. coli strain survived longer than C. coli SP10. One reason certainly is strain-specific reactions, because in experiments with environmental isolates (data not shown), culturability at low temperatures was retained for a few more days. Furthermore, the choice of nutrient-rich Schaedler broth most probably influenced C. coli SP10 negatively, as has been observed for C. jejuni (15, 39) . Inability to be cultured cannot, however, be equated with cell death. Direct cell counts determined in parallel showed that at least the integrity of the cells was maintained over a long period. Interestingly, this was not the case with the samples incubated microaerobically, for which cell counts decreased slowly. It is possible that these culture conditions led to higher metabolic activity and consequently that temperature-stressed bacteria were more sensitive to hydrogen peroxide or superoxide anions (16, 34) . At 37°C, transformation into the coccoid form was most rapid, a feature noted earlier (40) . The questions of how rodshaped bacteria are changed into coccoid bacteria and what significance they have for the transmission of infection are still unsolved. Both active and passive processes have been considered responsible for the morphological alterations (15, 37) . In accordance with the results of Moran and Upton (33), Hazeleger et al. (14) demonstrated that the DNA concentration was lower in coccoid than in rod-shaped campylobacters when the coccoid forms were generated at 37 and 25°C. At 12 and 4°C, the DNA concentration and intracellular ATP levels remained constant, whereupon the authors assumed not only that different sorts of coccoid cells exist but also that those formed at low temperatures might be important in the transmission of infection. The plump rod-shaped and large coccoid cells detected predominantly at 20°C and to a lesser degree at 10°C and the smaller coccoid cells detected at 4°C support some of these assumptions; however, studies with animal models would be necessary to clarify the role of different coccoid cells in the infection process. Jones et al. (21) regarded the large cells, not the small ones, as degenerative forms, but this conclusion is inconsistent with energetics and with observations for other bacterial species (4, 37) .
For optimum function, the lipid double layer of biomembranes has to be nearly fluid to ensure lateral and rotating movements of embedded proteins. A temperature downshift that would lead to solidification and impairment of membrane function could be counteracted by a shortening of the chain length, increasing the amounts of single or polyunsaturated fatty acids, increasing the amounts of branched and cyclic fatty acids, and transforming the trans into the cis configuration. The necessary mechanisms are understood only incompletely, but it seems that for unsaturated fatty acid amounts to increase and for chain length to become shortened, the bacteria must be living or growing, however little (7). At all low temperatures, increases in the amounts of unsaturated acids as well as shorter-chain fatty acids were observed and are signs of adaptation of C. coli SP10 to a temperature downshift. The significant increase in C 19:0 cyc amounts in cultures incubated at 20°C coincided with a decrease in the amounts of its precursor, C 18:1 trans9,cis11 (49) . Transformation of unsaturated acids into cyclic acids is a postsynthetic mechanism, but the physiological impact is still unclear. We could not confirm an increase over time as a sign of aging cultures (27) . In continuous-culture experiments with nutrient limitation, Leach et al. (26) observed a growth-independent increase in C 19:0 cyc amounts in C. jejuni and attributed it to a general reaction to stress. A comparison of coccoid and rod-shaped C. jejuni led to different and, with regard to a normal bacterial reaction to stress from (15) . Leakiness of membranes was assumed, but contradicting data concerning coccoid forms have been reported (23, 28, 35) . The influence of suboptimal incubation temperatures has been investigated for other bacterial species, and no changes in membrane protein patterns, slight changes, and significant changes have been observed. Incubation at 37 and 42°C did not influence the OMP pattern of C. jejuni, but the total amount of protein was reduced at 37°C (6) . C. coli SP10 cultures that had been stressed by low temperatures contained significantly less protein than did control cultures at 37°C. To a great extent, this result can be explained by the reduced cell volume of coccoid cells and a constant or decreasing cell count; degradation of intracellular substances may be another reason. The main OMP (40 to 42 kDa) was detectable and predominant in all samples; a relative decrease at low incubation temperatures, as has been described for aeromonads (47) , was not observed. The 62-kDa protein, which consists of two flagellar proteins lying close to each other, was the second most important protein. Normally, more FlaA protein than FlaB protein is produced and the typical long flagella are produced. Spontaneously, but also due to environmental influences, the flaB gene can be activated and a short, fragile flagellum is the result. The electron microscopic observations, i.e., shortened flagella at 20 and 10°C, in addition to the less pronounced, typically diffuse appearance and the narrower band at 20 and 10°C indicate that energy-intensive processes are switched off under stress (36) . The fact that cold shock proteins are involved in transcription and that flagellar expression is regulated at the transcriptional level strengthen this assumption (42) .
Relatively little is known about the metabolism of campylobacters, especially at low temperatures. The excreted organic acids, which are determined by the main metabolic pathways, have been used for the identification of campylobacters (25) . Differences in the observed acid pattern can be ascribed to methodological differences, e.g., column temperature and ether evaporation. The production of organic acids was most pronounced at 37°C and decreased in a temperature-dependent manner. The lag phase (4 h at 37°C) increased to 7 h at low temperatures before an increase in organic acid concentration could be seen. However, metabolic activity was retained long after nonculturability had begun. In cultures incubated at 10 and 4°C without gaseous interchange, acid production was noted even at day 22. This result confirms those of other studies in which similar data were obtained (11, 15) .
The total amount of organic acids produced was not the only aspect influenced significantly by the incubation temperature. More importantly, the metabolic pattern changed as a function of the temperature downshift. Succinate, one of the main metabolites at optimal incubation temperatures, was never produced at 20°C and was only occasionally produced at 10 or 4°C. At the same time, fumarate production increased, with maximum amounts in the 20°C assays. Several explanations are possible: temperature-dependent injury of transport proteins, inactivation of formate dehydrogenase or fumarate reductase, enhanced catabolism of amino acids, or inactivation of fumarate reductase by excessive production of fumarate.
Specific transport proteins react sensitively to changes in temperature, because the velocity of many processes depends on membrane fluidity. Glucose transport of Helicobacter pylori has been shown to be linear at temperatures between 12 and 37°C (30) . The existence of specific transport proteins for succinate and lactate is known (3), so that if reduced export were important, succinate would have been detectable at 20°C and not in the cultures incubated at lower temperatures. Temperature-dependent inactivation of formate dehydrogenase is also unlikely, because the formate in Schaedler broth was degraded at 20°C. We believe that the lack of succinate production and the concomitantly augmented export of fumarate were most probably caused by the inactivation of fumarate reductase. To what extent this enzyme inactivation was caused by the direct inhibitory effect of low temperatures cannot be answered at present. Perhaps the cause lies in the enhanced catabolism of amino acids, which are a main energy source for campylobacters. If other metabolic activity were simultaneously already limited at 20°C, the result would be high fumarate concentrations and possibly substrate-induced inhibition of the enzyme. A combination of both effects is also conceivable.
In conclusion, low temperatures had a significant effect on C. coli SP10. The injury was greatest at 20°C, as was demonstrated in all experiments. Survival was shortest at 10 and 20°C, and bacterial cells reacted with distinct morphological and physiological alterations to the temperature downshift. Fatty acid composition and production of metabolites were influenced significantly at intermediate temperatures, whereas incubation at 4°C seemed to stress the bacteria least. 
